Microstructure and extended defects in ox-GaN films grown by organometallic vapor phase epitaxy on sapphire substrates using low temperature AIN (or GaN) buffer layers have been studied using transmission electron microscopy. The types and distribution of extended defects were correlated with the film growth mode and the layer nucleation mechanism which was characterized by scanning force microscopy. The nature of the extended defects was directly related to the initial three-dimensional growth. It was found that inhomogeneous nucleation leads to a grain-like structure in the buffer; the GaN films then have a columnar structure with a high density of straight edge dislocations at grain boundaries which are less likely to be suppressed by common annihilation mechanisms. Layer-by-layer growth proceeds in many individual islands which is evidenced by the observation of hexagonal growth hillocks. Each growth hillock has an open-core screw dislocation at its center which emits monolayer-height spiral steps.
INTRODUCTION
Gallium nitride and its related alloys (AlGaN and InGaN) are important wide band-gap semiconductors that have potential applications in both short wavelength optoelectronic and high power/high frequency devices [1] [2] [3] [4] . Epitaxial films of GaN have been grown by organometallic vapor phase epitaxy (OMVPE) [5] and molecular beam epitaxy (MBE) [6, 7] , on a number of substrates including Si [8, 9] , GaAs [10] , SiC[ll], x-A1203 (sapphire) [12, 13] and MgO [14] . Among them, sapphire is the most common substrate and generally yields the best film. However, nitride films deposited on sapphire, which is poorly matched to GaN both in terms of lattice parameter and thermal expansion coefficient (see Table I ), are known to contain a high density of extended defects (mainly threading dislocations) [15, 16] . These defects affect both the electrical and optical properties of the material and are known to be detrimental to its device applications. For example, dislocation cores can form non-radiative recombination centers which limit the efficiency of light emitting diodes and often lead to injection failures in lasers. By low temperature deposition of an AIN (or GaN) buffer layer, the crystal quality of the GaN epilayers can be considerably improved [13, 17] . However, such films typically have dislocation densities in the 109 -1010 cm-2 range [15, 16] .
It is widely accepted that the crystal structure, the nature and relative concentration of extended defects in group-III nitride films are strongly influenced by the growth techniques and conditions used, and by the type and orientation of the substrates. The dominant defects in OMVPE grown GaN films on sapphire are straight threading dislocations which penetrate the entire GaN film [16] . Both the structural and electron optical properties of the GaN film depends on the thickness, the deposition temperature of the low temperature buffer, and the orientation of the sapphire substrate [18] [19] [20] . In this paper, we report studies of OMVPE growth of GaN on sapphire using a low temperature AIN (or GaN) buffer layer, with particular emphasis on its initial nucleation and its relation to the resulting microstructure. GaN films grown on either (0001) (c plane) or ( 1120) (a plane) sapphire substrates under different conditions were studied by transmission electron microscopy (TEM). The types and distribution of extended defects were correlated with the film growth mode and the layer nucleation mechanism which was characterized by scanning force microscopy. 
EXPERIMENTAL
The GaN samples used in this study were grown on both (0001) and (1120) sapphire substrates using an inductively-heated, water cooled, vertical OMVPE reactor operated at 57 torr [19, 20] . An AIN (or GaN) buffer layer, 200 to 500 A in thickness, was deposited at 450 °C to 550 'C before the high temperature deposition of GaN. TEM specimens were prepared by first lapping with diamond paste on a titanium plate down to a thickness of about 100 Jtm, followed by polishing with consecutively smaller size diamond pastes and/or alumina (A1203) in a Gatan dimpler down to a thickness of about 20 ýtm. The specimen was then sputtered to electron transparency by Ar+ at liquid nitrogen temperature. Transmission electron microscopy observations were carried out on a Philips EM420-TEM and a JEOL 4000 EX-TEM, operated at 120 keV and 400 keV, respectively. For surface observations, the as-grown films were examined in air with a Park Scientific Instruments scanning force microscope. The 5 [tm scanner was operated at 2 Hz. All images were acquired in the constant force mode using 3 to 12 nN of contact force.
RESULTS

Crystalline Orientation and the Interface
GaN epitaxial layers grown on both c-plane and a-plane (x-A1203 substrates crystallize with the wurtzite structure and the growth is along the c-axis. The crystal orientation relationships of GaN and AIN grown on sapphire substrates are summarized in Table II . Selected area electron diffraction (SAD) and high resolution electron microscopy reveal that both GaN and AIN layers grow epitaxially on their substrates. For growth on (0001) (x-A1203, the epitaxial relationships were determined to be: (OOO)GaN//(0001)AIN//(0001)a-AI203, with in-plane orientation relations of The interface between the AIN (or GaN) buffer layer and the sapphire substrate was found to be locally coherent and the misfit dislocation spacing is almost uniform. Figure 1 shows the TEM micrographs of the AIN/(0001) a-A1203 interface. The measured misfit dislocation spacing shown in figure la is 2.1 nrm, which is close to the expected spacing of 2.2 nm corresponding to a fully relaxed layer (about 14 % lattice constant mismatch between AIN and sapphire). Similar interface: (a). bright Lattice image along results have been reported during AlGaN epitaxial growth on sapphire [24] . The high resolution TEM micrograph shown in figure lb reveals that the interface of A1N/(0001) oc-A1203 is sharp, with the { 1 100) planes of AIN parallel to the II 10 ) planes of sapphire and the basal (0002) planes of AIN parallel to those of sapphire. Surface steps on the sapphire side are most likely due to the interaction of ammonia (NH3) during surface treatments before deposition. However, extensive observation along the interface with high resolution TEM reveals that, along with many extended defects, the AIN buffer layer is typically composed of columnar fine crystals [21] . Lateral dimension of columnar grains is on the order of 10 nm, and the misorientation among neighboring grains is a few degrees. The GaN/sapphire interface and the GaN buffer layer exhibits similar features. The columnar structures were also reported in GaN films grown on 6H SiC [25] . Figure 2a shows the cross-sectional weak beam TEM micrograph of a GaN film grown on (1120) ca-A1203 using a 375 A GaN buffer layer deposited at 450 TC, imaged near the [1T00] orientation with the active beam of g= 1 1i0. The dominant defects in the GaN film are dislocations resulting from the misfit strain introduced by the lattice mismatch between the epilayer and the substrate, and low angle grain boundaries. A high density of dislocation half loops and stacking faults along {0002) GaN planes were observed in regions close to the buffer. A defect density reduction of about an order of magnitude was observed within the initial 0.4 gim of the GaN film. In the immediate vicinity of the low temperature buffer layer, the defect density was so high that we were unable to resolve the defects individually using conventional TEM. At small film thickness, the dislocation lines in the GaN epilayer orient themselves irregularly. However, at film thickness larger than about 0.6 gim, most remaining threading dislocations lie close to the [0001] growth direction [16] . When viewed from plan-view TEM micrographs (Fig. 2b) , the extended defects in relatively thick (thicker than about 1 pmi) GaN films are basically of two types: threading dislocations and nanopipes (labeled with an arrow) [26] . The threading dislocation density near the top surface of a 3 jim thick GaN layer is typically on the order of 109 -10 10 /cm 2 , as measured using plan-view TEM. It has been reported that other extended defects, such as microtwins and double-positioning boundaries were frequently observed at the vicinity of the GaN/substrate interface using cross sectional high resolution TEM [9, 25, 27] .
Microstructure and the Extended Defects
Threading Dislocations
A typical plan-view bright field TEM micrograph (g= 1120) of an a-GaN film grown on sapphire is shown in Fig. 3a . Since the TEM specimen was polished only from the substrate side, Fig. 3a is representative of GaN films that are thicker than about 2 gtm. Except for a relatively small density of nanopipes (not shown), the defects are almost exclusively threading dislocations. All the threading dislocation lines form short segments, indicating that they are lying close to the film growth direction (c-axis). The majority of them are pure edge, with Burgers vectors of the 1/3< 1120 > type, and are arranged to form well defined low angle grain boundaries. The grain size ranges from 50 nm to 500 nm, while the dislocation spacing at the boundaries ranges from 5 to 50 nm, corresponding to in-plane misorientations of less than 3* [16] . Through TEM observations carried out on large number of MOVPE GaN films grown under different conditions, we found that low angle grain boundaries are the main source of threading dislocations. Threading density in the GaN film shown in figure 3b, which has less grain-like structure, is about one order of magnitude lower than that in the film which is shown in figure 3a (10 9 /cm 2 compared to 10 10 /cm 2 ). . A typical micrograph taken from samples with low threading densities, which shows less grain-like structure.
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The grain-like structure can also be clearly observed in weak beam cross-sectional TEM micrographs (figure 2a). The image contrast is produced by differing diffraction conditions in neighboring grains. Except near the vicinity of the buffer layer, the dimension of each grain keeps an almost constant value throughout the GaN film. The individual dislocations at grain boundaries can hardly be resolved in thicker cross-sectional specimens since many of them overlap along the beam direction. Although high resolution TEM micrograph often reveals some local tilting of cplanes in some regions, grain misorientation along the c-axis is much smaller and could not be detected by electron diffraction experiments. In fact, x-ray rocking curves [(0004) reflection] taken from these samples have a typical width of 200 -350 arcsecs [19, 20] .~0 Low angle grain boundaries are believed to be formed during coalescence of islands at the initial stages of GaN growth, based on the nucleation mechanism first proposed by Akasaki et al. [13] . The buffer layer is thought to have an amorphous-like structure at its deposition temperature (450 -550 'C). It then recrystallizes and forms columnar fine crystals during annealing [21] . The initial growth of GaN is also highly three dimensional. Since these islands are more likely to preserve a hexagonal shape, and often have small misorientations with their neighbors, dislocation arrays are created during coalescence of these islands, as illustrated schematically in Fig. 4 .
The reduction of the defect density within the initial 0.4 jtm of the GaN film is most likely due to annihilation and coalescence through mutual interactions and the formation of half loops, as is evidenced in figure 2a . In these regions, both the defect density and the percentage of randomly oriented dislocations are high, and therefore, there is a high probability of defect interactions. However, the remaining quasi-parallel dislocations which thread along the growth direction are apparently not annihilated appreciably during further film growth because of their invariant mutual spacing along the growth direction.
It is well known that a strained layer supperlattice (SLS) can be used to suppress threading dislocations in zinc-blende semiconductor epilayers [28] . The stress/strain field in the epilayer introduced by the SLS is used to initiate dislocation glide on the I 111 ) slip planes, causing the dislocation lines to bend either towards another threading line so that they annihilate one another, or normal to the growth direction along the interface so that they do not propagate further into the epilayer. However, the threading dislocations in ot-GaN films described above have slip planes of the { 1 TOO) type, and generally require larger resolved shear stress to initiate glide. Furthermore, the stress/strain field introduced by the SLS is parallel to the (0001) growth plane, which does not provide driving force for dislocation glide on the { 11 001 slip planes. Therefore, it can be expected that, to suppress, or eventually eliminate, this type of threading dislocations with a SLS could be more difficult. This argument is partially supported by our observations on several samples, each of which has a SLS composed of different periods of GaN/AIN layers placed at different positions in the GaN film. Figure 5 shows the cross-sectional TEM micrograph of a sample which has 5 periods of (6 nm GaN/6 nm AIN) placed after 2 [im of GaN film growth. An additional 0.5 4tm GaN film was grown on top of the SLS. Although most dislocation lines were slightly bent as they passed through the SLS, only about 10% of threading dislocations were actually suppressed.
Basal plane dislocations were sometimes observed in regions far away from the buffer layer in a number of GaN films. Figure 6 shows a cross-sectional TEM micrograph taken from one of these samples. Detailed TEM analysis indicates that these are Frank partial loops containing stacking faults. Though more complete work is needed to develop a satisfactory explanation for the formation of these dislocations, an unstable growth condition or the thermal stresses [29] might be responsible for their formation. 
Nanonines
In addition to threading dislocations, another major type of extended defect in GaN films which is potentially detrimental to device applications is the nanopipes which has an estimated density of 10 5 -107 /cm 2 . These defects are long, faceted empty tubes that penetrate through the GaN epilayer [26, 30] . The radii of the pipes are in the 3 -50 nm range and they appear to propagate along the c-axis of the film. Figure 7 shows plan-view bright field images of GaN film from a region containing a nanopipe (marked with letter A). In figure 7a , the micrograph was taken along the [0001] zone axis, in which the pipe is a perfect hexagon with a diameter of about 9 nm. Two dislocations (marked with letters B and C) are visible along this orientation. After the specimen was tilted about 30* until the (0221) beam near the [1216] zone axis was excited (figure 7b), a wavy contrast can be observed within the pipe which is similar to the contrast from dislocation lines, in addition to the contrast from the pipe walls. TEM analysis indicates that the nanopipe image contrast is in agreement with the g b criteria for a screw dislocation of Burgers vector b = nxl/3[0003] (where n is an integer and c=5.18 A for cz-GaN). Figure 8 shows the lattice image of a similar nanopipe taken with the [0001] orientation. The internal surfaces of the pipe are formed by six close-packed { 1T00 T prism planes (lattice spacing of 2.76 A), and a closed circuit drawn around the pipe shows no net atomic displacement. This was also the case for several other nanopipes examined in detail by HRTEM. Based on a combination of diffraction contrast analysis, high resolution TEM and scanning force microscopy (SFM) study (shown below), we conclude that these nanopipes are the open cores of screw dislocations with Burgers vectors of a single or multiple c parameters [26, 30] . Another nanometer dimension defect along the growth direction has been reported in GaN films grown on sapphire, and has been characterized as microtwins due to local lattice twists or a difference in stoichiometry [23] .
Similar, but orders of magnitude larger, open-core dislocations have been reported in a number of crystals including SiC [31, 32] and some flux grown gamets [33] . The SiC micropipes have received the greatest attention because they are known to be the defects that limit the breakdown voltage of high power devices [34] . The Burgers vector associated with the spiral steps in SiC is usually greater than 100 A and the defect is, therefore, visible in conventional optical microscopes.
The existence of open-core dislocations has been predicted by Frank [35] , who argued that a state of local equilibrium exists in which a dislocation should have less energy when its core is hollow than when its core is filled with strained lattice. In other words, the open-core is the consequence of the balance between the surface free energy and the lattice strain energy in a dislocation. The lattice strain energy associated with a dislocation provides a driving force for preferential evaporation in the vicinity of the dislocation core [36] . For crystals with relatively large shear modulus and small surface free energy, an open-core should thus be established for dislocations with relatively large Burgers vectors. In fact, all the previously observed open-core dislocations have Burgers vector on the order of, or greater than, 10 A. The smaller radii of the open-cores in GaN crystals by comparison to those previously observed in other crystals can be explained by its smaller lattice parameter (c=5.2A). According to Frank's theory [35] , the radius of the hole is proportional to the square of its Burgers vector. However, our observation do not quantitatively agree with Frank's theory [30] .
GaN Surface and the Film Nucleation
Optical microscopy, scanning force microscopy (SFM) and scanning electron microscopy have been used to study the surface structure of the sapphire substrate, the buffer layer and the GaN free surface. Figure 9 shows a SFM image of a 100 nm thick low temperature GaN buffer layer deposited on c-plane cc-A1203. After annealing at 1025 °C, the buffer forms a grain-like structure with surface roughness of about 20 nm, and an island size of about 100 nm. However, our study revealed that surface morphology of the buffer layer is strongly influenced by its deposition and annealing temperatures, and by the substrate surface cleaning procedures. Lateral growth and smooth coalescence of islands could be promoted through carefully optimizing the buffer conditions. It has been recently reported that, before annealing, the low temperature GaN buffer layers consist of predominantly cubic phase with a high density of stacking faults and twins [37] . The average grain size increases with increasing layer thickness and annealing temperature. At temperatures necessary for the growth of high quality GaN (over 1000 °C), the buffer layer partially converts to hexagonal GaN [37] .
The free surfaces of most GaN films typically exhibit cone-like and hexagonal mounds and ledge-facets that are only incompletely bounded by visible steps [38] . These mounds and ledgefacets, which have a typical dimension on the order of 10 ýtm and can be viewed under an optical microscope, are believed to be growth hillocks which are directly related to the three dimensional nature of the initial GaN growth. The ledge-facets are formed during coalescence of neighboring islands which have slight c-axis misorientations. These misorientations would result in increments in the x-ray rocking curve widths. The apparently large dimension of the growth hillocks compared to those of islands in the buffer can be explained by the mechanism proposed by Hiramatsu et al [21] . The initial growth of GaN is also columnar on top of the buffer fine crystals. During further growth, some fine crystals become larger size islands as the result of geometric selection [39] . The front area of each hillock increases as the merge continues, and the number of growth hillocks emerging at the front gradually decreases. However, there is no direct correlation between sizes of the growth hillocks and those of the small grains observed by TEM. The misoriented grains, bounded by arrays of edge dislocations, once formed, are not likely to expand. SFM observation reveals single atomic layer steps in flat regions between the hillocks and spiral single atomic layer steps on the top of faceted hillocks [30, 37] . This indicates that at the later stages, GaN grows by both a layer-by-layer and a spiral mechanism [37] . Nanopipes were also observed during SFM observations [30, 37] . These are located at the centers of faceted small hillocks and were accompanied by a pair or two pairs of single atomic layer spiral steps. Figure 10 shows high resolution SFM images of nanopipes with a pair of spiral steps (Fig. 10a) and with an additional single spiral step (Fig. 10b) . A pair of spiral steps, each 3.1± 0.8 A high, originates at the big hole. The measured step height is consistent with the expected dimension of a single diatomic layer of GaN which is one half the length of the c-lattice parameter (2.6 A). Thus, the two steps form an additional complete GaN unit cell. The origin of these extra steps at the center of the hillock indicates that there is a screw dislocation in the center of the hole with a Burgers vector (b = 1/3[0003]) equal in length to the c lattice parameter (5.2 A). Numerous hillocks were examined with different probe tips and similar observations were made; each has a hole with an approximately 600 A radius at the center. In some cases, four single steps, each 1/2 c high, emerged from the same hole which had a larger radius (approximately 925 A). This corresponds to a "giant" dislocation with Burgers vector b=2/3[0003]. After spiraling away from the hole on the flat top of the hillock, the steps bunch together and interfere with the step emerged from other sources. In many regions, very small holes which emit single spiral steps were observed (marked with an arrow in Fig.10b ). These are believed to be the mixed dislocations with a screw component of c/2, rather than sessile Frank partials. Since stacking faults were not observed in plan-view TEM. The apparent discrepancy between the nanopipe sizes determined from the SFM and TEM images is resolved by recognizing that the SFM image actually measures a crater on the growth surface that is always wider than the nanopipe itself. The crater can be easily observed in plan-view TEM specimens which preserve the GaN growth surface [26] and is a predicted structural component of an open-core dislocation [35] .
CONCLUSIONS
Microstructure, extended defects and the growth mechanism of GaN films grown by organometallic vapor phase epitaxy on sapphire substrates using low temperature AIN (or GaN) buffer layers have been studied using a number of microscopy techniques. GaN layers grown on both a-plane and c-plane sapphire substrates using both GaN and AIN buffer layers crystallize with the same wurtzite structure and have similar microstructures. Although a number of other extended defects are often observed in the GaN films, such as stacking faults, basal plane dislocations and microtwins, the major extended defects in these films are threading dislocations and nanopipes. Low angle grain boundaries are the main source of threading dislocations. These dislocations are mostly of pure edge type, running along the c-axis. The nature of these threading dislocations suggests that there should be no appreciable annihilation with the further increase of the GaN layer thickness, and the suppression of dislocations by commonly used buffer layer schemes could be more difficult. Nanopipes are open-cores of screw dislocations formed under local thermodynamic equilibrium. They are about 3 -50 nm in radii, propagate along the c axis of the film and are potentially detrimental to device applications of GaN. The nanopipes are located at the centers of faceted small growth hillocks and were often accompanied by a pair or two pairs of single atomic layer spiral steps. The grain-like structure in the GaN film and the growth hillocks on the GaN free surface are related to the three dimensional growth of the buffer and the initial GaN growth. At the later stages, GaN grows by both a layer-by-layer and a spiral mechanism. It is, therefore, important to carefully optimize the buffer deposition conditions to minimize or avoid the formation of columnar structures in the GaN film.
